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We have measured the elastic-scattering ratios of normalized yields for charged pions from 3H
and 3He in the backward hemisphere. At 180 MeV, we completed the angular distribution begun
with our earlier measurements, adding six data points in the angular range of 119◦ to 169◦ in the
pi -nucleus center of mass. We also measured an excitation function with data points at 142, 180,
220, and 256 MeV incident pion energy at the largest achievable angle for each energy − between
160◦ and 170◦ in the pi-nucleus center of mass. This excitation function corresponds to the energies
of our forward-hemisphere studies. The data, taken as a whole, show an apparent role reversal
of the two charge-symmetric ratios r1 and r2 in the backward hemisphere. Also, for data ≥ 100
◦
we observe a strong dependence on the four-momentum transfer squared −t for all of the ratios
regardless of pion energy or scattering angle, and we find that the superratio R data match very
well with calculations based on the forward-hemisphere data that predicts the value of the difference
between the even-nucleon radii of 3H and 3He. Comparisons are also made with recent calculations
incorporating different wave functions and double scattering models.
PACS numbers: PACS numbers 25.55.Ci, 25.80.Dj, 25.10.+s, 27.10.+h, 24.80.+y
I. BACKGROUND
The first nucleus to exhibit ‘real’ nuclear properties is
the three-body nucleus. There are only two stable A = 3
nuclei, 3H and 3He; neither member of this isospin dou-
blet has any known excited state. The ground state of
3H has one proton and two spin-paired neutrons, while
that of 3He has one neutron and two spin-paired pro-
tons. We refer to the neutrons in 3H and the protons
in 3He as the ‘even’ nucleons, and to their rms radii as
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the even radii for 3H and 3He, respectively. Similarly,
the proton in 3H and the neutron in 3He are called ‘odd’
nucleons and their rms radii shall be referred to as odd
radii [1]. Charge symmetry requires that, in the absence
of Coulomb effects and mass differences, these nuclei be
identical. This is because 3H and 3He are mirror nuclei
and are related by a 180◦ rotation in isospin space, or to
put it more simply, one nucleus changes into the other
by interchange of neutrons and protons.
There are four interactions available between the two
charged pions and 3H and 3He target nuclei. These are
grouped conveniently in ‘isospin’ pairs pi+3H and pi−3He,
pi−3H and pi+3He which in turn are related to each other
by the interchange of protons with neutrons and pi+ with
pi−. In the absence of the Coulomb force, if the strong
interaction is charge symmetric, scattering cross sections
for the members of each of these pairs should be equal.
If we make the assumption that an incident pion in-
teracts with a single target nucleon, then we can look at
2these interactions in terms of pi-nucleon scattering ampli-
tudes. At 180 MeV (near the peak of the ∆33 resonance)
the pi+p (pi−n) scattering amplitude is about three times
as large as the pi+n (pi−p.) Consequently, the elastic
cross sections for pi+p and pi−n are nine times as large
as those for pi+n and pi−p. The pi-N scattering ampli-
tudes can be broken down into spin-flip and non-spin-
flip components. For a fixed target nucleon and pions of
180 MeV, the spin-flip amplitude has a sine dependence
on the scattering angle; the non-spin-flip amplitude has a
cosine dependence. Since no excited states are available,
single spin-flip scattering from one of the even nucleons
would leave both nucleons with the same spin and is thus
forbidden by the Pauli principle. (See Ref. [2] for further
discussion on this point.)
However, at the large scattering angles ≥ 100◦ for
which our most recent data were obtained, kinematic con-
siderations require that one consider double- or multiple-
scattering effects. This would open the door to dou-
ble spin-flip scattering in the even nucleons which would
not violate the Pauli principle. The description of the
whole picture is discussed in the accompanying article
of Kudryavtsev et al. [3]. Pion-nuclear amplitudes, dis-
cussed in [3], are a superposition of a single- and double-
scattering of pions from the nucleons in the nucleus with
Fermi motion taken into account. Principal sources of the
violation of charge symmetry in [3] are (i) the Coulomb
interaction between the charged pions and the nuclei (the
external Coulomb effect), (ii) n-p doublet and the mass
splitting of the different charged states of the ∆33-isobar,
and (iii) the difference between the wave functions of 3H
and 3He due to the additional Coulomb repulsion be-
tween the two protons in the 3He nucleus (the internal
Coulomb effect.)
Several ratios of scattering cross sections have been
defined in conjunction with our earlier measurements [2,
4, 5, 6] in order to highlight certain features of the pi−3A
interaction.
The first two are the charge-symmetric ratios
r1 =
dσ(pi+3H)
dσ(pi−3He)
(1)
and
r2 =
dσ(pi−3H)
dσ(pi+3He)
. (2)
The numerator and denominator of each pair are related
by an exchange of protons with neutrons and pi+ with
pi−. Therefore, the strong interactions in the denomina-
tor and numerator are equal, and these ratios should be
identically one at all energies and four-momentum trans-
fers squared. However, since the form factor of 3He is
decreased owing to the Coulomb repulsion between its
protons, the cross section in the denominator is reduced
and we expect that the ratios r1 and r2 will be somewhat
greater than one [7, 8]. In r1, scattering from the odd
nucleon dominates in the delta energy region, and so the
scattering is a mixture of spin-flip and non-spin-flip. In
r2, scattering from the even nucleon dominates, and so
spin-flip scattering is suppressed.
The next ratio is R, the “superratio.” It is defined as
the product of r1 and r2,
R = r1 · r2. (3)
Since r1 and r2 are charge symmetric, so is R.
Finally, we define
ρ+ =
dσ(pi+3H)
dσ(pi+3He)
(4)
and
ρ− =
dσ(pi−3H)
dσ(pi−3He)
. (5)
These ratios are not charge symmetric, but, as shall
be seen below, several experimental uncertainties can-
cel when calculating ρ+ and ρ−, and they can be used to
derive the charge-symmetric R, where
R = ρ+ · ρ−. (6)
In Section II, we briefly discuss the analysis of our data
at energies spanning the ∆33 resonance. The resulting
charge-symmetric ratios r1 and r2, non charge-symmetric
ratios ρ+ and ρ−, and Superratio R are presented in Sec-
tion III. In Section IV, we discuss the situation for angles
greater than 100◦. Finally, we summarize our findings in
Section V.
II. EXPERIMENT
The experimental details have been given by Matthews
et al. [9] . Here, we briefly discuss the analysis of the
data and the relevant experimental parameters for the
determination of the scattering ratios.
The ratios r1 and r2 are extracted as
r1 =
Y (pi+3H)
Y (pi+2H)
·
Y (pi−2H)
Y (pi−3He)
·
dσ(pi+2H)
dσ(pi−2H)
·
N3He
N3H
(7)
and
r2 =
Y (pi−3H)
Y (pi−2H)
·
Y (pi+2H)
Y (pi+3He)
·
dσ(pi−2H)
dσ(pi+2H)
·
N3He
N3H
, (8)
where Y (pi± nA) refers to the scattering yield, and N3H
and N3He are the number of scattering centers per unit
volume in the 3H and 3He samples, respectively. These
latter were measured very accurately − see Ref. [9] for
details. Elastic scattering yields from 2H are used to
scale the other yields to the known pi±2H cross sections.
Writing the ratio dσ(pi+2H)/dσ(pi−2H) as D, and defin-
ing YN as the yield per target nucleon Y (pi
± nA)/NA, we
have
r1 =
YN (pi
+3H) · Y (pi−2H) ·D
YN (pi−3He) · Y (pi+2H)
(9)
3FIG. 1: The ratios r1, r2, and the Superratio R for pi
±3H/3He elastic scattering plotted versus the center-of-mass angle in the
pi −3 A system for various incident pion kinetic energies: (a) Tpi = 142 MeV, (b) 180 MeV, (c) 220 MeV, and (d) 256 MeV.
Experimental data are from [4] (diamonds), [2] (circles), [6] (triangles), and this experiment (squares).
4TABLE I: Measured values of the ratios from this experiment. The quoted uncertainties are statistical only.
Tpi(MeV ) θ(deg) −t(fm
−2) ρ+ ρ− r1 r2 R
142 160.0 5.0 0.811(0.024) 1.347(0.065) 1.10(0.06) 0.99(0.06) 1.09(0.06)
142 163.6 5.0 0.757(0.027) 1.401(0.086) 1.08(0.05) 1.01(0.06) 1.09(0.06)
180 119.4 5.2 0.85 (0.02) 1.28 (0.04) 1.07(0.04) 1.02(0.04) 1.09(0.04)
180 129.8 5.7 0.87 (0.02) 1.38 (0.04) 1.13(0.04) 1.06(0.04) 1.20(0.05)
180 139.1 6.1 0.75 (0.03) 1.56 (0.08) 1.15(0.06) 1.01(0.07) 1.16(0.08)
180 148.3 6.4 0.55 (0.02) 2.05 (0.09) 1.09(0.05) 1.03(0.06) 1.13(0.06)
180 157.4 6.7 0.44 (0.01) 2.62 (0.11) 1.08(0.05) 1.06(0.06) 1.14(0.06)
180 169.2 6.9 0.38 (0.01) 3.06 (0.15) 1.12(0.06) 1.05(0.06) 1.18(0.06)
220 169.3 8.9 0.408(0.035) 2.86 (0.18) 1.21(0.11) 0.97(0.07) 1.17(0.09)
256 169.4 10.9 0.478(0.035) 2.59 (0.37) 1.25(0.20) 0.99(0.16) 1.24(0.20)
and similarly
r2 =
YN (pi
−3H) · Y (pi+2H)
YN (pi+3He) · Y (pi−2H) ·D
. (10)
Then
R =
YN (pi
+3H) · YN (pi
−3H)
YN (pi−3He) · YN (pi+3He)
. (11)
All normalization quantities not related to N3H and
N3He cancel in R. In the definitions of r1 and r2, it
is the ratio of the pi±2H yields and cross sections that
appears.
Finally, we consider the ratios ρ+ and ρ−. Since
the same charge of pion appears in both the numera-
tor and denominator of each of these ratios, the non-
target-related normalization quantities cancel here as
well. Then we have
ρ+ =
YN (pi
+3H)
YN (pi+3He)
(12)
and
ρ− =
YN (pi
−3H)
YN (pi−3He)
, (13)
so that
R = r1 · r2 = ρ
+
· ρ−. (14)
III. RATIOS
Values for all of the ratios measured in this experiment
are given in Table I. Figure 1 shows the angular dis-
tributions for the simple charge-symmetric ratios r1, r2,
and the superratio R at 142, 180, 220, and 256 MeV.
We see that r1 is flat and structureless in the forward
hemisphere but rises in the backward hemisphere where
it remains high to 180◦. The ratio r2 shows structure at
about 80◦ in the forward hemisphere, approaches 1.0 in
FIG. 2: The simple ratios r1 (open symbols) and r2 (filled
symbols) are compared to the calculations of Ref. [3] for r1
(dashed line) and r2 (solid line). The qualitative behavior of
the simple ratios, including the crossover, were predicted by
an optical-model calculation by Gibbs and Gibson [10] before
the back-angle data were taken. In the top figure, we used
the assumption that the yield for pi+d/pi−d is equal to 1.00
as is indicated by the SAID fit to the pi − d data [11]. In the
bottom figure, we used the results of Smith et al. [12] which
give a value of 1.03 for this ratio at back angles. A slight
improvement of the χ2 is obtained using the value 1.03. The
simple ratios cross in the region where double and multiple
scattering begin to become more important in the scattering
process.
5FIG. 3: The ratios ρ+ and ρ− for (a) Tpi = 142 MeV, (b)
180 MeV, (c) 220 MeV, and (d) 256 MeV. The notation for
the experimental data is the same as for Fig. 1.
FIG. 4: The Superratio R at Tpi = 180 MeV is compared
to calculations by Kudryavtsev et al. [3] (solid curve) and
Gibbs and Gibson [10] (dashed curve). The notation for the
experimental data is the same as in Fig. 1.
the backward hemisphere and stays there to 180◦. Most
of the structure in R is therefore due to r2.
We note that, aside from the region near 80◦ in the
pi −3 A center-of-mass kinematics, which corresponds to
90◦ in the pi − N center of mass where the non-spin-flip
scattering amplitudes have zeros, the charge-symmetric
scattering ratios do not have any sharp features. Indeed,
in the backward hemisphere they are fairly flat and quite
smooth. This is not surprising, since the pi-nucleon am-
plitudes are smooth and have no zeros in this region. The
form factors for 3H and 3He, as measured with electron
scattering, are smooth as well. Finally, the interactions
in the numerator and denominator for each ratio are ap-
proximately the same: primarily odd-nucleon in r1, and
primarily even-nucleon in r2. R is the smooth product of
two smooth functions.
Of more interest is the general trend of the ratios as we
progress from the forward to the backward hemispheres,
see Fig. 2. The crossover of the two ratios, and the fact
that r1 is significantly different from unity but r2 is con-
sistent with unity is difficult to explain quantitatively. It
is interesting to note that the qualitative behavior of the
simple ratios, including the crossover, were predicted by
an optical-model calculation by Gibbs and Gibson [10]
before the back-angle data were taken.
One might speculate that as one passes to the back-
ward hemisphere, with the diminishing importance of the
single-scattering process, the double-scattering process
provides a mechanism for spin-flip amplitudes to con-
tribute in paired-nucleon scattering without violating the
Pauli exclusion principle. In the top plot of Fig. 2, we as-
sume that dσ(pi+2H) = dσ(pi−2H). In the bottom plot,
we assume the 1.5% asymmetry suggested by Smith et
al. [12] for θ ≥ 90◦, which means correcting the value of
D by 3%. The effect is to increase the difference between
r1 and r2 in the backward hemisphere.
Figure 3 shows results for ρ+ and ρ− . These ra-
tios have very small error bars, owing to the cancellation
of normalization quantities mentioned above. The steep
rise of ρ− and the fall below one of ρ+ are indications
that there is a steep rise in the 180-MeV even-nucleon-
dominated cross sections at large angles [9]. However,
the error bars for these ratios are much smaller than those
for the cross sections. These ratios are the most sensitive
test of the large-angle scattering calculations; in partic-
ular, these test the form factors used in the calculation.
Figure 4 shows R at 180 MeV. The shape is derived
from the two simple ratios, the bump at 80◦ correspond-
ing to the bump in r2 and the steady rise in the backward
hemisphere to the rise in r1. Figure 4 also shows the
calculations by Kudryavtsev et al [3] and by Gibbs and
Gibson [10]. In the latter the shape of the Superratio was
used to extract differences in the odd and even nucleon
radii more precisely than is possible from existing elec-
tron scattering data. Gibbs’ and Gibson’s optical-model
calculation shows a strong dependence on two parame-
ters, the difference between the rms neutron radius in
tritium and the rms proton radius in 3He (that is, the
6difference in the even-nucleon radii), and the difference
between the rms proton radius in 3H and the rms neutron
radius in 3He. In the approach of Ref. [3], a successful
description of R at Tpi = 180 MeV is based not only on
the difference in the wave functions of 3H and 3He, but
also on the ∆33 mass splitting as well as on the inclusion
of the double-scattering interaction of the pion with nu-
cleons of the target nuclei. Both models account for the
role reversal of the r1 and r2 at back angles for the Tpi
= 180 MeV. However, Kudryavtsev et al. fitted r1 and
r2 to determine R, while Gibbs and Gibson fitted their
calculations to R and inferred r1 and r2 prior to the time
that the data were obtained.
Although the leading terms included in the calculation
of Kudryavtsev et al. reproduce the main features of the
back-angle ratios at energies of 180 MeV and above, yet
another factor which might contribute to this remarkable
role reversal of r1 and r2 at back angles is a two-step pro-
cess consisting of the formation of a virtual delta by the
interaction of the incident pion with a nucleon, followed
by the scattering of this delta on the remaining corre-
lated nucleon pair. This process is clearly overshadowed
by single scattering at angles near the non-spin-flip dip,
but, like any two-step process, could become important
as the momentum transfer increases.
For r1, the dominant channels for delta formation
would be pi++p→ ∆++ in the numerator and pi−+n→
∆− in the denominator, whereas the reverse would be
the case for r2. [For r1 the correlated pairs would be
(nn) in the numerator and (pp) in the denominator, and
for r2 they would be (np) pairs in both numerator and
denominator.] Since the width of the ∆++ is somewhat
smaller than that of the ∆− (about 5 MeV out of a total
width of about 120 MeV Ref. [13]), the lifetime of the for-
mer would be longer than that of the latter, and likewise
its interaction cross section with the (NN) pair would
be larger. Thus, at back angles, where this effect might
become increasingly important, it would have the effect
of increasing r1 and decreasing r2, which corresponds to
their observed behavior.
IV. DEPENDENCE ON MOMENTUM
TRANSFER
Figure 5 shows r1, r2, and R at the large scattering
angles (≥ 100◦) for all pion energies plotted versus the
four-momentum transfer squared. In Fig. 5a, r1 increases
steadily, while in Fig 5b, r2 decreases slightly with -t. R
displays a very slight increase with the four-momentum
transfer squared, as shown in Fig. 5c. From Fig. 5 one can
conclude that, since r1, r2, and R, coming from different
energy sets, fall on top of each other and follow the same
general trend, these ratios are primarily functions of −t.
The behavior of ρ+ and ρ− at the largest scatter-
ing angles versus Tpi can be analyzed with the help of
Table 1. As is seen in the table, ρ+ decreases sharply
from 142 to 180 MeV, then rises slightly through 220
FIG. 5: The excitation function for the ratios (a) r1, (b)
r2, and (c) R at back angles (≥ 100
◦) are shown versus the
four-momentum transfer squared −t. Experimental data are
from [2, 4, 6] and present experiment [142 MeV data are
shown by circles, 180 MeV data by diamonds, 220 MeV data
by squares, and 256 MeV data by triangles].
and 256 MeV. ρ− shows the opposite behavior, with a
maximum at 180 MeV. The excitation functions for ρ+
and 1/ρ− for backward angles versus −t are shown in
Fig. 6. As is the case for r1, r2, and R, the agreement of
the overlaid data at different energies is also quite good.
We note that in the forward hemisphere, a model that
assumes single pi−N scattering explains the behavior of
elastic pi−3 A scattering quite nicely, and the reaction is
completely defined by pi −3 A kinematics. However, for
angles greater than 100◦, kinematic considerations force
us to consider two-step processes, especially double scat-
tering to explain pi −3 A elastic scattering and all of the
7FIG. 6: The excitation function for the ratios (a) ρ+ and
(b) 1/ρ− at back angles (≥ 100◦) are shown versus the four-
momentum transfer squared −t. The notation for the exper-
imental data is the same as in Fig. 5.
ratios are seen to be smooth functions of the momentum
transfer.
V. CONCLUSIONS
Several new measurements of the ratios r1, r2, and
R at energies Tpi = 142, 180, 220, and 256 MeV at
backward scattering angles are presented. These data
complete our previous data sets at smaller angles and
the same energies [2, 4, 5, 6]. Where data sets overlap
they are consistent with each other. At Tpi = 180 MeV ,
the charge-symmetric ratios r1, r2, and R are smooth
functions of the scattering angle in the backward hemi-
sphere. The ratios r1 and r2 cross each other at around
120◦; r1 becomes significantly different from 1.00 at
backward angles while r2, which had been greater than
1.00 at forward angles, approaches unity. Deviation of
the ratios r1, r2, and R from unity gives evidence for
charge-symmetry-violation effects in these reactions. All
three ratios, at energies of 180, 220, and 256 MeV, are
well described by the theoretical approach of Ref. [3].
Additionally, the ratios at 180 MeV match well with the
results of a previous calculation [10] that determines the
value of the difference between the even and odd radii of
3He and 3H . It also has been shown that all three ratios
r1, r2, and R (as well as ρ
+ and ρ−) at large scattering
angles (≥ 100◦) and for all of the incident pion energies
studied can be described as a function of only the
four-momentum transfer squared −t in the region where
two-step processes such as double scattering dominate
the pi −3 A elastic scattering.
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